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The differentiation of peripheral T lymphocytes depends on interactions between intrinsic and extrinsic
factors. In this issue of Immunity, Pipkin et al. (2010) and Kalia et al. (2010) link differential interleukin-2
signaling and inflammation with the transcriptional events leading to the development of effector and
memory cells.CD8+ T lymphocytes respond to an acute
infection with a massive burst of prolifera-
tion that generates cells with effector
functions to remove pathogen-infected
cells. This gives rise to T cells that retain
an imprint of the experience (memory
cells) and lay in wait to protect against
a second encounter. Evidence from
various infection models has suggested
that memory CD8+ T cells arise during
the contraction phase of the immune
response and develop from effector cells.
The acquisition of T cell effector functions
and memory potential has been shown to
depend on the establishment of a molec-
ular program involving sequential expres-
sion of the T-box transcription factors T-
bet and eomesodermin (Eomes) (In-
tlekofer et al., 2005; Joshi et al., 2007).
More recently, the transcription factor
Blimp1 was found to be essential for the
acquisition of the effector differentiation
program during acute and persistent viral
infections (Kallies et al., 2009; Rutishauser
et al., 2009; Shin et al., 2009). The fate of
peripheral T cells, though, appears not
to be sealed solely by the induction of
early expression of genetic programs. It
also depends on modulation of key tran-
scription factors by extrinsic signals
such as the intensity of the T cell receptor
(TCR) signal, the duration of antigen
presentation, the presence of inflamma-
tory cytokines such IL-12 or type I inter-
ferons (IFN-I), and growth factors such
as IL-15, IL-7, and IL-2.
IL-2 was originally defined as a T cell
growth factor in vitro, but in vivo can
have both positive and negative effects
on CD8+ T cell responses (Rochman
et al., 2009). It is produced by multiple
lymphocyte subsets, particularly by
CD4+ and CD8+ T cells. Its seemingly
paradoxical role in both promoting T cell
survival and inducing T cell deathmake exploration of its role in peripheral
T cell differentiation especially intriguing.
Responsiveness to IL-2 is controlled by
the IL-2 receptor (IL-2R) complex, which
is composed of the high-affinity IL-2Ra
chain (CD25), the IL-2Rb chain (CD122),
and the common g chain (CD132). At
steady state, IL-2 expression is normally
low, although it is required by some
T cell subsets, such as regulatory CD4+
T cells, for survival. After infection, IL-2R
is rapidly but transiently induced on
responding CD8+ T cells. The provision
of IL-2 in this process is considered to
be a major component of CD4+ T cell
‘‘help.’’ Previous work implied that sig-
naling through IL-2Ra was critical for
protective immunity (Williams et al.,
2006). It has, however, remained unclear
how IL-2-IL-2R signaling impacts on
CD8+ T cell responses and whether it
directly influences the development of
antigen-specific T cells into either effector
or memory cells.
In the work of Pipkin et al. (2010), they
have explored in depth the links between
IL-2R signaling and inflammation in
driving CD8+ T lymphocyte differentiation.
Pipkin et al. (2010) took advantage of
a well-defined in vitro CD8+ T cell culture
system in which the strength of IL-2 and
inflammatory signals could be monitored
separately, thereby allowing detailed dis-
section of the molecular modifications
induced during the differentiation pro-
cess. Strikingly, a strong IL-2 signal pro-
moted progressive acquisition of effector
T cell functions (such as perforin and
granzyme B expression) but diminished
the capacity to generate cells with
memory features. By contrast, in condi-
tions of weak IL-2 signaling, T cells failed
to acquire the full program of effector
differentiation. Pipkin et al. (2010) further
describe that the transcription factorsImmunitySTAT-5 and Eomes induced by high IL-2
signals can directly bind to the perforin
gene locus and that the amount of IL-2
signaling regulates the recruitment of the
polymerase II into the perforin (high IL-2)
or the IL-7R (low IL-2) loci. IL-2 signaling
regulated these changes independently
of inflammatory stimuli. Building on these
results, they show that in vivo CD8+ T cells
that lack IL-2Ra expression show defec-
tive killing of virally infected cells. They
further provide evidence that although
IL-2 is key to induction of terminal differ-
entiation of effector CD8+ T cells, inflam-
matory stimuli modulate this program to
allow, in addition to effector T cells, the
emergence of memory cells that provide
long-lived protective immunity (Figure 1).
In the second related study in this issue,
Kalia et al. (2010) examined how differ-
ences in the expression of IL-2R drive
distinct programs of T cell differentiation
during an in vivo immune response
against an acute lymphocytic choriome-
ningitis (LCMV) infection. Their initial
analyses identified that early in infection,
virus-specific CD8+ T cells exhibit hetero-
geneous and dynamic expression of
IL-2Ra. Although IL-2Rawas upregulated
on all virus-specific CD8+ T cells, some
cells maintained expression for a longer
period of time. Kalia et al. (2010) therefore
hypothesized that the differential expres-
sion of CD25 may translate to differences
in the duration of time that expanding
cells may be receptive to IL-2 signaling.
Thus, CD25hi T cells exposed to pro-
longed IL-2 signaling would be expected
to undergo a different developmental
program to CD25lo cells. In accordance
with the study of Pipkin et al., they
observed that cells receiving less IL-2
signaling (CD25lo) have an increased
persistence after adoptive transfer into
infection-matched recipients. In addition,32, January 29, 2010 ª2010 Elsevier Inc. 7
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Figure 1. Differentiation Program of Naive CD8+ T Cell into Effector and Memory T Cells Regulated through IL-2R Expression
On initial activation (via TCR and costimulatory receptors), naive CD8+ T cells begin to expand and differentiate along an intrinsic pathway common to both
effector and memory cells. These early CD8+ T cells express T-bet and develop cytolytic machinery and the capacity to induce cytokines characteristic of an
effector-like cell, but retain developmental plasticity, thereby allowing them still to develop into either lineage. The subsequent distinct transcriptional program
of activated CD8+ T cells depends on the amount of IL-2R signaling received once fully activated and is likely to parallel the flux in antigen load generated by the
pathogen, and such a flux is synergized with the shutdown of antigen presentation induced by inflammatory stimuli. T cells that receive strong IL-2 signaling
rapidly progress to becoming terminally differentiated effector cells, whereas those exposed to weaker signals ultimately form memory T cells. Graded inflam-
matory stimuli further modify IL-2 signaling and antigen presentation, thus ensuring both effector and memory T cell lineages develop. The exact milieu of signals
any naive CD8+ T cell is exposed to on encounter with the antigen-presenting cell would determine which of the multiple end fates a T cell is destined.
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of a better recall response than CD25hi
T cells. This is consistent with the earlier
work of Kedzierska et al. (2007), which
showed that influenza-specific CD8+
T cells differentially expressed CD25
soon after activation and this expression
pattern was linked to different recall
capacities of the cells. Kalia et al. (2010)
observed only a modest difference in
effector molecule expression between
CD25hi and CD25lo virus-specific T cells,
but concordant with Pipkin et al., CD25hi
T cells appeared to undergo a program
of effector differentiation marked by an
increase in the expression of Blimp1 and
KLRG1, the latter a marker of short-lived
terminally differentiated effector cells. This
phenotype was further enhanced by the
provision of exogenous IL-2 in driving
effector T cell terminal differentiation. It is
tempting to speculate that the influence
of IL-2 in programming effector ormemory
T cell differentiationmight be due in part to
direct effects on the induction of Blimp1
expression. This would correlate with the
highest expression of Blimp-1 in the
CD25hi T cell subset (Figure 1).
Despite some disparities between the
experimental systems (e.g., the reciprocal
relationship between IL-2R and IL-7R and
granzyme identified from in vitro analyses
[Pipkin et al., 2010] was not tightly main-8 Immunity 32, January 29, 2010 ª2010 Elsevtained in vivo—all cells downregulated
IL-7R and upregulated granzyme B to
almost a similar extent regardless of
IL-2R expression) in these two studies,
the concept that emerges is that the
dose of IL-2 signaling determines whether
T cells will preferentially become termi-
nally differentiated effector cells or alter-
nately memory cells. Indeed, the absence
of IL-2 signaling results in normal T cell
expansion and normal memory transition,
but a defective recall response (Williams
et al., 2006). By contrast, low or short-
term IL-2 signaling results in an incom-
plete program of effector differentiation
with T cells displaying some effector func-
tions and showing an increased potential
to differentiate into memory cells with
high recall capacity. During high and/or
long IL-2 signaling, T cells undergo a
more profound program of effector differ-
entiation, with chromatin remodeling and
acquisition of full effector functions at
the expense of the memory potential.
In a real-life infection, however, this
signaling program is imposed on by the
complex interplay of inflammatory media-
tors. Indeed, some of these such as IL-12
and IFN-a are essential to generate
a potent CD8+ T cell memory in response
to infection. Consistent with this, Pipkin
et al. (2010) show that inflammatory
signals modulate the transcriptionalier Inc.program induced by IL-2 signaling to
ensure a balance of effector and memory
T cell differentation necessary for imme-
diate and long-term protection.
What drives the formation of effector
T cells and when do competent mem-
ory T cell precursors emerge from the
naive T cell population after activation
are key questions in the field. Although
some of the results presented in the
papers by Pipkin et al. (2010) and Kalia
et al. (2010) are difficult to reconcile with
earlier studies’ findings, which have sug-
gested that a differential requirement of
transcription factors such as T-bet and
Eomes determine effector and memory
T cell differentiation pathways (Intlekofer
et al., 2005; Joshi et al., 2007), both
studies highlight that the timing and the
strength of IL-2 signals are critical for the
outcome of a CD8+ T cell response.
They open several important questions
including how is IL-2R controlled and
how does IL-2 synergize with other cyto-
kines, such as IL-12, in regulating Eomes,
T-bet, or Blimp1 during the priming phase
of an immune response for programming
of memory T cell development (Williams
et al., 2006). A very recent study has
started to tease apart an important role
for CD4+ T help facilitating the induction
of IL-2R expression required for the
development of short-lived effector cells
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2 collaborates with other cytokines,
inflammatory mediators, and the inputs
from differential TCR signaling in vivo
may be more complex. This is somewhat
hampered by the comparatively small
numbers of virus-specific CD8+ T cells
generated during many viral infections
making in vitro experimental systems an
important complementary approach for
obtaining sufficient material for many
molecular analysis of intrinsic regulation
of T cell differentiation. Although in vitro
systems do not reflect the real-life
complexity of a pathogen infection, they
can provide useful signposts for in vivo
pursuits. The generation of new reporter
systems, mouse lines that delete tran-
scription factors in a cell- or lineage-
specific manner, and reagents for direct
tracking of transcription factors and cyto-
kine expression by T cells in vivo will be
invaluable in unraveling the steps involvedin peripheral T cell differentiation. Identifi-
cation of surface markers alone (e.g., IL-
7R, IL-2R, and KLRG1) provide tools to
move exploration forward but must be
underpinned by a molecular or mecha-
nistic understanding of how different
groups of T cells arise, and how they are
distributed to various tissues in the body
and contribute to immunological protec-
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In this issue of Immunity, Baaten et al. (2010) describe a previously unknown role for CD44 in counteracting
Fas-mediated apoptosis of Th1 effector cells during clonal expansion and allowing their entry into the
memory pool.Upon exposure to an infectious pathogen,
antigen-specific T cells undergo massive
clonal expansion followed by contraction
(shutdown of the immune response) and
the development of long-lived memory
T cells that protect against subsequent
infections. A current focus of study is to
understand the cellular interactions and
molecular signals that promote the ability
of T cells to survive both clonal expan-
sion and immune response shutdown to
successfully enter the memory pool.
Survival during and after clonal expansion
is controlled by extrinsic (e.g., Fas) and
intrinsic (e.g., Bim) death and survival
pathways (Bouillet and O’Reilly, 2009;
Strasser et al., 2009), and the relativeactivity of these pathways is probably
influenced by a variety factors, including
the quality of initial T cell-dendritic cell
(DC) interactions, sustained access to
environmental cues such as growth or
inflammatory mediators and appropriate
trafficking to sites of infection. Because
T cell receptor (TCR)-mediated signals
result in both prosurvival and proapop-
totic signal, these combined factors
allow the immune system to distinguish
between ‘‘wanted’’ and ‘‘unwanted’’
T cell responses and prohibit the entry of
autoimmune or pathologic T cells into
the memory pool.
Perhaps the most commonly used
marker for distinguishing effector andmemory T cells from their naive
counterparts is the cell-surface molecule
CD44. Activated T cells upregulate sur-
face CD44 expression in the earliest
phases of clonal expansion and maintain
high expression permanently thereafter.
However, the functional role of CD44
during the differentiation of effector and
memory T cell responses is less clear.
Reported functions include roles in traf-
ficking and adhesion, activation of T cell
responses, and the delivery of either
survival or death signals to activated
T cells (Nakano et al., 2007; Ponta et al.,
2003; Ruffell and Johnson, 2008). Never-
theless, although CD44 expression by
T cells has proven to be important for32, January 29, 2010 ª2010 Elsevier Inc. 9
